Interactions between microorganisms are well-known phenomena, and substrate competition and antagonism are believed to be important in the selection of a microflora in a given ecological niche (10) . Studies of such interactions in certain niches, e.g., in the rhizosphere (32) , have been very detailed, but in other niches, such as in food products, they have received less attention. Studies of microbial interactions in foods have mostly been limited to investigations of the antimicrobial effect of lactic acid bacteria (30) , and there have been only very few reports on the interactions of other microorganisms in foods.
Pseudomonas species are important spoilage organisms in many chilled food products, such as milk (40) , chicken (39) , meat (7) , and fish (34) , in which they become the dominant microflora during chill storage. This dominance is assumed to be attributable exclusively to their rapid growth at chill temperature.
The competitive or antagonistic activity of Pseudomonas spp. in the rhizosphere has been very well described (1, 2, 29) . Thus, the antimicrobial activity of Pseudomonas spp. has been recognized as a major factor in the suppression of many root pathogens. Several antibiotic-like substances have been identified, including bacteriocins (notably pyocin from Pseudomonas aeruginosa), a phenazine antibiotic (17) , and non-nitrogen-containing compounds such as 2,4-diacetylphloroglucinol (43) . However, one of the most important mechanisms responsible for the suppression of plant disease by Pseudomonas spp. is siderophore-mediated competition for iron (18, 29, 31) . Apart from depleting the environment of iron, some siderophores may also act as antibiotics (36) . A few studies have also described the antimicrobial effect of aquatic Pseudomonas spp. (28) , but only rarely has the inhibitory mechanism been elucidated (48) .
The possible interaction between Pseudomonas spp. and other microorganisms in foods has received limited attention, and the results are not consistent. Early experiments showed that preinoculation of milk with Pseudomonas spp.
enhanced the subsequent growth of lactic acid bacteria (3), possibly because of increased availability of nutrients arising from the hydrolytic activity of Pseudomonas spp. The interaction between Pseudomonas spp. and Listena monocytogenes has been described, but results are contradictory, showing both enhancement of growth of L. monocytogenes by Pseudomonas spp. and an inhibition of its growth (9, 11, 33) . One study (11) showed that four strains of Pseudomonas spp. isolated from plants or foods inhibited the growth of both gram-positive and gram-negative bacteria in laboratory media. This inhibitory action was enhanced on King's agar B, on which production of fluorescent siderophores is stimulated, compared with the inhibitory action observed in assays with brain heart infusion agar.
Studies of microbial interaction in foods have focused on the potential inhibition of pathogenic organisms, and only one study (11) has related the findings to the changes in microflora during storage. Moreover, only a limited number of strains (13 in total) isolated from plants and food were studied.
The present study was undertaken to determine the antibacterial potential of Pseudomonas spp. isolated from fish, to evaluate the role of interaction in selection of a microflora, and to assess the potential of the aquatic Pseudomonas spp. for production of secondary metabolites with antibiotic activity (27, 37) . Special notice is paid to Pseudomonas spp. isolated from spoiling fish and to their possible interaction with another psychrotrophic fish spoilage bacterium, Shewanella putrefaciens. (19) in which 0.04% (NH4)2HP04 was substituted for 0.2% peptone to avoid alkalization due to breakdown of peptone. Reduction of trimethylamine oxide (TMAO) was observed in a TMAO medium (14) , and production of H2S was tested in iron agar tubes (14) . Arginine dihydrolase activity was tested in Falkow's medium (8). Gram-negative, motile rods with positive catalase and oxidase reactions, an oxidative glucose metabolism, and arginine dihydrolase activity were identified as Pseudomonas spp. if they did not reduce TMAO or produce H2S (5, 26) .
MATERIALS AND METHODS

Bacterial
Bacteriological media. Nutrient broth (veal infusion broth; Difco), iron agar (CM 867; Oxoid), and iron agar supplemented with 5% blood were used for culturing of bacteria. Agar diffusion assays to screen for antibiotic activity were done by using a modified iron agar (MIA), omitting ferric citrate, sodium thiosulfate, and L-cysteine (2% Bacto Peptone, 0.3% yeast extract, 0.3% Lab-Lemco powder [L 29 ; Oxoid], 0.5% NaCl, 1.2% agar [pH 7.0]). Inhibitory activity in broth culture was tested with a modified iron broth (MIB) (MIA with agar omitted). MIA and MIB were supplemented with iron by addition of 0.3% ferric citrate (product no. 28381; BHD Chemicals). King's agar B (10991; Merck) (21) was used for testing of fluorescence. The production of siderophores was tested on solid medium by using CAS [chrome azurol S, iron(III), hexadecyltrimethylammonium bromide] medium (42) and in liquid medium (2% sucrose, 0.2% L-asparagine, 0.1 g of K2HPO4, 0.05% MgSO4. 7H20; +0.01% FeCl3 6H20) (pH 7.0) (41) . All assays in liquid media were done at 25°C at 150 rpm.
Siderophore assay. Pseudomonas spp. were spot inoculated (10 ,ul) onto CAS-agar plates, and the plates were incubated at 25°C for 2 days. Siderophore-producing strains showed orange halos around the colony (42) . For some strains, siderophore production was also tested by the CAS spectrophotometric assay, in which 1.5 ml of culture supernatant was mixed with 1.5 ml of CAS assay solution (42 Proportions of antagonistic strains varied within the different groups of Pseudomonas spp., and strains isolated from newly caught or spoiled fish species from tropical waters had especially high inhibitory scores (Table 2 and (Fig. 1) . Inhibitory strains isolated from Nile perch presence of iron. Elimination of inhibitory activity by iron (either spoiled or newly caught) inhibited the growth of more was most pronounced among the isolates from Nile perch: 25 than half of the S. putrefaciens strains. Also, the strains of 26 isolates lost inhibitory activity when iron was added to isolated from Senegalese fish had a high inhibitory score the substrate. against S. putrefaciens. The S. putrefaciens strains differed Siderophore production. Most of the inhibitory strains in sensitivity, but this did not correlate with the origin of the (80%) produced siderophores, whereas the majority (86%) of strains; e.g., no difference in sensitivity between isolates the noninhibitory strains did not produce these iron chelafrom fresh fish and preserved fish products was observed. tors (Table 3 Fig. 2 after also at 0°C, although temperature did influence the inhibitory activity (Table 4) . Of 11 antagonistic strains, 7 inhibited a lower number of S. putrefaciens strains at 0 and 5°C than at 10 and 25'C, whereas 2 strains inhibited all eight S. putrefaciens strains at all four temperatures. The anti-Shewanella effect of two of the strains did not vary systematically with temperature.
Growth of S. putrefaciens was enhanced by supplementation of MIB with iron, whereas the addition of 1 mM EDDHA inhibited growth completely (Fig. 3) . The addition of supernatant from an iron-starved P. fluorescens strain (AH2-Fe) inhibited growth to the same extent as EDDHA. Supematant from the same Pseudomonas strain grown in the presence of iron (AH2+Fe) did not affect the growth of S. putrefaciens (Fig. 3) .
DISCUSSION
The present study shows that Pseudomonas spp. isolated from spoiled iced fish and newly caught fish have a broad antibacterial spectrum, inhibiting gram-negative as well as gram-positive bacteria. The inhibitory ability seems to be more widespread among Pseudomonas spp. than among other psychrotrophic bacteria isolated from fish. Similar activities have been reported for aquatic Pseudomonas spp. (28, 35) . The finding also corresponds to the widespread antibacterial activity of plant-associated Pseudomonas spp. (29, 31) .
Inhibitory activity was most pronounced among siderophore-producing strains, and as addition of iron eliminated the inhibitory activity of two-thirds of the strains, it is likely that the inhibitory mechanism of these strains is siderophore mediated. This mediation may be due exclusively to competition for iron (18) , or it may be due to the antibiotic activity of the siderophores (36) . Other studies have similarly shown that culturing Pseudomonas spp. on substrates inducing siderophore production enhances inhibitory activity (11, 22) . In contrast, however, Jurkevitch et al. (20) showed that the sequestering of iron by siderophores was an advantage to other bacteria that were able to utilize the siderophores. In the present study, dense growth of L. monocytogenes and S. aureus was sometimes noted around the wells containing Pseudomonas strains, and the presumed antagonistic strains may have created a more advantageous nutritional composition, either through supply of iron (20) or by increasing the availability of low-molecular-weight nutrients (3) . Similar observations have been made for L. monocytogenes and lactic acid bacteria (3, 24, 33 (12, 15) . The fact that particularly strains from Nile perch produced large orange halos on the CAS medium may indicate that these strains produce siderophores with a very high affinity for iron. The large halos could also be explained by the production of smaller siderophores which diffuse more easily in the agar. The inhibition of growth of S. putrefaciens by EDDHA and the enhancement of its growth by iron (Fig. 3) indicates that this organism requires iron and is unable to produce chelators with a higher iron affinity than EDDHA has. As supernatants of Pseudomonas spp. grown under iron-limited conditions inhibit growth of S. putrefaciens, the mechanism of inhibition could be iron chelation by siderophores or another mechanism induced by ironlimited conditions.
In conclusion, this report has documented that the psychrotrophic Pseudomonas spp. isolated from spoiled and fresh fish have a broad antibacterial potential. This effect is largely determined by the siderophore-mediated competition for iron. Studies of the role of the bioactive Pseudomonas spp. in the natural defense of fish against infection and in microflora selection in food products will be pursued. 
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